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We theoretically study trapped ions that are immersed in an ultracold gas of Rydberg-dressed
atoms. By off-resonant coupling on a dipole-forbidden transition, the adiabatic atom-ion potential
can be made repulsive. We study the energy exchange between the atoms and a single trapped ion
and find that Langevin collisions are inhibited in the ultracold regime for these repulsive interactions.
Therefore, the proposed system avoids recently observed ion heating in hybrid atom-ion systems
caused by coupling to the ion’s radio frequency trapping field and retains ultracold temperatures
even in the presence of excess micromotion.
Introduction – Recent years have seen significant inter-
est in coupling ultracold atomic and ionic systems [1–5]
with the purpose of realising quantum simulators [6, 7],
studying ultracold chemistry [8, 9] and collisions or em-
ploying ultracold gases to sympathetically cool trapped
ions [10–12]. It has become clear however, that the time-
dependent trapping field of Paul traps limits attainable
temperatures in interacting atom-ion systems [2, 3, 11–
17]. This effect stems from the fast micromotion of ions
trapped in radio frequency traps which may add signifi-
cant energy to the system when short-range (Langevin)
collisions with atoms occur.
Here, we theoretically study ionic impurities immersed
in a cloud of atoms that are coupled to Rydberg
states [18–23]. By selecting a Rydberg state that is cou-
pled to the ground state via a dipole-forbidden transition,
we can change the atom-ion interaction such that it be-
comes repulsive for ultracold atoms. In this situation,
the atoms cannot get close enough to the ion for the trap
drive to add energy to the system and no excess heating
takes place. Instead, the system slowly thermalizes at a
rate that is compatible to the rate expected for an ion
trapped in a time-independent trap. We also show that
in contrast to ground state (attractive) atom-ion systems,
which require the mass of the ion to be larger than that of
the atom [14–17, 24–26], the proposed scheme retains ul-
tracold temperatures for the combinations 87Rb/171Yb+
and 87Rb/9Be+ alike.
The paper is organized as follows: First we will de-
scribe how the atom-ion interaction can be engineered to
be repulsive by coupling to a Rydberg state. Second, we
will show that such an atom-ion potential does not lead
to heating when the ion is trapped in a Paul trap and is
interacting with a cloud of atoms. For this, we will use
a classical description of the atom-ion dynamics [12, 14].
Finally we discuss possible experimental issues and limi-
tations of our proposed system.
Dressing on a dipole-forbidden transition – We are in-
terested in dressing an atom in the ground state |gS〉
with a Rydberg state |nS〉 using a single near-resonant
laser field, as shown in Fig. 1. When there are no electric
fields present, such a transition is prohibited. However,
the field of a nearby ion may mix |nS〉 with Rydberg
states that can couple to the |gS〉 state via a laser field.
Within the dipole approximation and using perturbation
theory we obtain for the Rydberg wave function:
|ψ(R)〉 ≈ |nS〉+ eEion(R)
∑
k
〈kP |z|nS〉
EnS − EkP |kP 〉, (1)
where Ej denotes the energy of state |j〉, and Eion(R)
with R = ri − ra, the electric field generated by an ion
located at position ri, evaluated at the atomic position
ra. The relative electron-atom core position projected
on the electric field direction is denoted by z, where
we assume a reference frame in which the local elec-
tric field Eion(R) always points in the z-direction. In
this picture, only states with magnetic quantum number
mL = 0 are mixed into |ψ(R)〉 by the field. For further
simplification we have neglected fine structure effects for
now, which is justified when the laser detuning is much
larger than the fine structure splitting of the |kP 〉 Ry-
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FIG. 1. A trapped ion (blue sphere) in a cloud of atoms (or-
ange spheres), the atomic ground states |gS〉 are dressed with
the Rydberg state |nS〉 with n the principal quantum number
and ∆0 the laser detuning. By appropriate engineering of the
Rydberg laser field, the adiabatic atom-ion potential can be
made repulsive such that the atoms cannot get close enough to
undergo Langevin collisions (as depicted by the sphere around
the ion). To optically shield the ion in three dimensions, two
laser fields are needed with linear and circular polarization as
explained in the text.
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2dberg levels, which will usually be the case. Using ex-
pression (1) for the Rydberg state, we can estimate the
Rabi frequency for one-photon coupling to the ground
state Ω(R) = e〈ψ(R)|EL · r|gS〉/~, where EL denotes
the electric field of the laser within the rotating wave
approximation and r the position of the electron in the
lab-frame. Combining this equation with eq. (1), we get:
Ω(R) ≈ e
2EL ·Eion(R)
~
∑
k
〈nS|z|kP 〉
EnS − EkP 〈kP |z|gS〉. (2)
Now we can see what happens if we dress the ground
state |gS〉 with |ψ(R)〉. For large distances R → ∞,
the transition between |gS〉 and |ψ(R)〉 will be dipole-
forbidden and no dressing occurs. As the distance de-
creases, we have that the |nS〉 state gets polarized by
the ion and its adiabatic energy shift is given to low-
est order by VnS(R) = −CnS4 /R4 [27]. We can find the
dressed potential by looking at the 2-level Hamiltonian in
the |gS〉, |ψ(R)〉 subspace after performing the rotating
wave approximation:
H2−level =
(
−CgS4R4 ~Ω(R)
~Ω∗(R) −~∆0 − C
nS
4
R4
)
, (3)
where we for now neglected any off-resonant couplings
and assumed that the laser is blue-detuned by ∆0 from
the |gS〉 → |nS〉 transition and that this detuning is
much smaller than the level splitting between |nS〉 and
all other Rydberg states. In the dispersive limit, where
~|Ω(R)|  ~∆0 + CnS4 /R4 and CgS4  CnS4 , diagonali-
sation results in the following dressed potential:
Vd(R) ≈ ~
2|Ω(R)|2
~∆0 + CnS4 /R4
− C
gS
4
R4
. (4)
In order to proceed, we need to evaluate |Ω(R)|2, which
now depends on the atom-ion separation. We have:
|Ω(R)|2 = |β(θ, φ)|2/R4, with:
β(θ, φ) =
e3E
‖
L(θ, φ)
4pi0~
∑
k
〈nS|z|kP 〉〈kP |z|gS〉
EnS − EkP . (5)
Here, E
‖
L(θ, φ) = EL ·Eion(R)/|Eion(R)| denotes the pro-
jection of the laser’s electric field onto the electric field
of the ion and θ and φ denote the azimuthal and polar
angle of R according to the laboratory reference frame,
respectively. Combining equations (4 and 5), our final
result within first order perturbation theory is:
Vd(R) =
A(θ, φ)R4w
R4 +R4w
− C
gS
4
R4
. (6)
The first term in the potential (6) is repulsive and has a
maximum height A(θ, φ) = ~
2|β(θ,φ)|2
CnS4
and width Rw =
(CnS4 /(~∆0))1/4. The angular dependence of β(θ, φ) is
determined by the laser polarization. For linear polar-
ization along the z-direction of the laboratory frame for
instance, we have EzL = (0, 0, EL) such that E
‖
L ∝ cos θ,
whereas circular polarization, E+L = EL(1, i, 0)/
√
2 gives
us E
‖
L ∝ i sin θ cosφ + sin θ sinφ. The latter results in
a donut-shaped repulsive potential in the x, y-plane and
no interaction along the z-direction. In order to make
the potential repulsive in all directions we may use two
laser fields coupling on the transitions |gS〉 → |nS〉 and
|gS〉 → |n′S〉 and such that Rw = R′w = (Cn
′S
4 /~∆′0)1/4
with ∆′0 the bare detuning on the |gS〉 → |n′S〉 tran-
sition. Employing the laser fields EzL and E
+
L and ap-
propriate tuning of the laser powers, such that the Rabi
frequencies are equal, results in a spherically symmetric
potential A(θ, φ) = A, as described in more detail in the
Appendix A.
An example of a dressed potential calculated within
first order perturbation theory is shown in Fig. 2,
where we used the approximate analytic wavefunctions
of Ref. [29] to evaluate the matrix elements in Eq. 5 and
∆0 = 2pi× 1 GHz such that Rw = 270 nm. We also
show the potential obtained by diagonalization of the
Rydberg manifold in the presence of the ion electric field
and dressing laser, within the rotating wave approxima-
tion, taking spin-orbit coupling and terms up to charge-
quadrupole coupling into account. For these calculations,
we used the quantum defects found in Ref. [28] while the
Rydberg wavefunctions were obtained by the Numerov
method (see Appendix D). This more accurate calcula-
tion shows good agreement with our approximated po-
tential for atom-ion separations down to about 160 nm.
At close atom-ion proximity, the |19S〉 state gets strongly
coupled to other Rydberg states, causing avoided cross-
ings. To properly compute the dressed potential in this
regime, terms beyond the charge-dipole and quadrupole
interaction as well as charge exchange effects would have
to be taken into account. However, for atom tempera-
tures that are much smaller than the repulsive barrier,
Ta  A/kB, short-range collisions between the atoms
and ion are suppressed. If we assume a Rabi frequency
of Ω19P,mL=0 = 2pi× 200 MHz on the |5S〉 → |19P 〉
transition in Rb and use that the transition-matrix el-
ements scale as 〈kP |r|gS〉 ∝∼ k−3/2, we can estimate
A/kB ∼ 27µK, which is larger than typical ultracold
atom temperatures. We can therefore neglect the in-
ner part of the dressed potential and the second term in
equation (6) for these parameters in the ultracold regime,
and for the remaining simulations in this work we replace
Vd(R) by the spherically symmetric V˜d(R) =
AR4w
R4+R4w
.
Thermalization in Paul traps – To investigate whether
the dressed repulsive potential prevents ion heating out
of the ultracold regime we have studied classical collisions
between an ion and atoms. We assume that we have an
ion trapped in a Paul trap generated by the electric fields
EPT(r, t) = Es(r) +Erf(r, t) with
Es(x, y, z) =
miω
2
z
e
(
αx
x
2
, αy
y
2
,−z
)
, (7)
Erf(x, y, z, t) =
miΩ
2
rfq
2e
cos(Ωrft) (x,−y, 0) . (8)
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FIG. 2. The dressed potential Vd(R) assuming coupling to
the |19S〉 state of Rb with ∆0 = 2pi× 1.0 GHz. The dashed
line is calculated from the Rydberg wavefunctions taken from
Ref. [29] in first order perturbation theory, within the dipole
approximation, and neglecting spin-orbit coupling. Here, we
assumed the defects of the L − 1/2 for the L states and
set the Rabi frequency on the |5S〉 → |19P 〉 transition to
Ω19P,mL=0 = 2pi× 200 MHz by tuning the laser intensity. The
black dots are computed by diagonalization of the Rydberg
manifold in the presence of the dressing laser and ion, in the
rotating wave approximation, including spin-orbit coupling,
up to charge-quadrupole order in the atom-ion interaction
terms. The laser intensity was set to the same value as for
the approximated potential. For both calculations, we took
the Rydberg states n = 10..30 into account as described in
more detail in Appendix D.
Here, Ωrf is the trap drive frequency and q is the dy-
namic stability parameter for an ion of mass mi and
charge e. The motion of the ion in the transverse x, y-
direction is given by a slow secular motion of frequency
ωx,y ≈ Ωrf2
√
as + q2/2 with as = −αx,y2ω2z/Ω2rf the static
stability parameter, and a fast micromotion of frequency
Ωrf . The unitless parameters αx+αy = 2 are introduced
to lift the degeneracy in the transverse confinement, as
is common in ion trap experiments. The ion dynamics
in the z-direction is purely harmonic with trap frequency
ωz.
To begin with, we assume that the ion has initially no
energy and sits at the center of the Paul trap as in ref-
erences [12, 14]. The idea behind this approach is that
although each individual system may be prepared in the
ultracold regime by e.g. laser- and evaporative cooling,
it is only when the atoms and ions are brought together
that excessive heating is observed [12]. In order to simu-
late the effect of the atomic cloud we calculate classical
trajectories of Rb atoms, with the atoms appearing one-
by-one on a sphere of radius 2 µm around the ion and
with a velocity that is randomly picked from a Maxwell-
Boltzmann distribution of temperature Ta. As soon as
the atom has left the sphere around the ion at the end of
the collision, we introduce a new atom to interact with
the ion. We assume the atomic bath to be very large such
that its temperature does not change as more collisions
occur. After each collision, we obtain the ion’s secular
energy by fitting an approximate analytic solution of the
equations of ion motion to the numerically obtained or-
bit (see Appendix B and reference [12]). We define the
ion temperature to be Tion = E¯/(3kB) with E¯ the total
average secular energy of the ion. Assuming 171Yb+ for
the ion, we set Ωrf = 2pi× 2 MHz and ωx = 2pi× 54 kHz,
ωy = 2pi× 51 kHz, ωz = 2pi× 42 kHz.
We first study the case where the atoms are not dressed
to a Rydberg state. Thus, we set the atom-ion interac-
tion to Vai(R) = −CgS4 /R4 +C6/R6, where the first term
denotes the ground state atom-ion induced polarization-
charge interaction and the second term accounts for
some short-range repulsion, which we set to dominate
for R < 10 nm. The results of averaging 100 of these
simulation runs can be seen in the inset of Fig. 3. From
the individual trajectories, it is clear that most atoms
fly by the ion without causing much effect. One in a
few 100 collisions, however, is of the Langevin type caus-
ing significant energy exchange. The ion quickly heats
up to temperatures much higher than the atomic cloud
temperature of 2 µK. These observations are in line with
the findings of references [12, 14]. If we simulate more
collisions, finite size effects start to limit the accuracy of
these calculations, as the ionic oscillation amplitude be-
comes comparable to the radius of the sphere of atomic
starting positions. For comparison, we also show the re-
sults obtained when assuming that the ion is in a time-
independent trap with the same trap frequencies (the sec-
ular approximation). Here, we see that the ion slowly
thermalizes with the atomic gas.
Now, we will study how these dynamics change for
the Rydberg-dressed atoms for which the atom-ion in-
teraction is repulsive. We replace Vai(R) by V˜d(R) with
A/kB = 27µK and Rw = 270 nm leaving all other pa-
rameters in the simulation the same. The results can be
seen in Fig. 3: the ion thermalizes slowly with the atomic
cloud after about 4×103 (1/e) collisions. Starting with an
initial ion velocity of 0.02(1, 1, 1) m/s, which corresponds
to an initial energy of ∼ 4 µK, we can also simulate cool-
ing of the ion towards the temperature of the atomic
gas. Up until now, we have assumed ideal experimen-
tal conditions in which the minima of Es(r) and Erf(r, t)
are perfectly overlapped. In practice however, stray elec-
tric fields may cause the trap center to not coincide with
the radio-frequency null. This causes additional ion mo-
tion known as excess micromotion [30]. To study its ef-
fect, we introduce an additional electric field of EEMM =
(0.05, 0, 0) V/m, which displaces the potential minimum
by xEMM = 243 nm corresponding to an average kinetic
energy of EEMM/kB = miq2Ω2x2EMM/(16kB) ≈ 100 µK,
and run the simulations. For the repulsive case we find
that the dynamics are not affected by the excess micro-
motion, confirming that the repulsive potential prevents
excessive heating of the ion in the Paul trap. Indeed, we
repeated the simulation assuming a time-independent po-
tential with the same secular trap frequencies and see no
differences beyond statistical fluctuations due to the ran-
dom atom sampling. Hence, the repulsive potential al-
4FIG. 3. Collision dynamics for an 171Yb+ ion in a Rydberg-
dressed Rb gas with repulsive interactions and Ta = 2 µK. The
ions heats up from Tion = 0 to about 1.8 µK, corresponding
to near-thermalization. Excess micromotion due to a DC field
of EEMM = 0.05 V/m does not affect the thermalization dy-
namics, which is completely equivalent to that expected for
an ion trapped in a time-independent trap with the same sec-
ular trap frequencies. For the curve starting at around 4 µK,
we gave the ion an initial velocity of 0.02(1, 1, 1) m/s and we
simulate cooling towards the atomic gas temperature. The
fastest thermalization curve shows the results for the combi-
nation 87Rb/9Be+. The inset shows results for ground state
atoms, in which the interaction is attractive. Even without
excess micromotion, the ion quickly heats up to temperatures
higher than the atomic cloud. This is in stark contrast to the
case where we make the secular approximation, where we see
that slow thermalization would occur. All results represent
the average of 50-100 runs.
lows us to make the secular approximation in the hybrid
atom-ion system for the parameters used. Note that the
assumption that the atom and ion cannot undergo short
range collisions still holds in this case as long as the am-
plitude of oscillation rEMM = qxEMM/2 ∼ 10 nm  Rw,
even though EEMM/kB > A/kB.
Finally, we study the effect of the atom-ion mass ratio
for the repulsive case. For attractive atom-ion interac-
tions it is well-known that stable cold trapping can only
be achieved as longs as ma . mi, with ma the mass of
the atom [14–17, 24–26]. To see how this changes for the
repulsive case, we repeated the simulations for the com-
bination 87Rb/9Be+, whose mass ratio lies far outside of
the range where thermalization can be expected. As can
be seen in Fig. 3, this combination also remains within
the ultracold regime when the interactions are repulsive,
thermalizing after about 2×103 (1/e) collisions.
Experimental issues – For the calculations in this pa-
per we have neglected the effect of the ionic trapping
fields on the dressing of the atom. This is justified
since the trapping field at maximal amplitude is much
smaller than the field of the ion at the dressing point:
Max(EPT(Rw, t))/Eion(Rw) ≈ 10−4 (≈ 10−5 for 9Be+),
such that we can safely neglect these fields. Far away
from the center of the trap, however, the maximal ampli-
tude of the trapping fields become similar to Eion(Rw).
For the numbers used in this work, this occurs only at
R ≈ 1 mm from the trap center, such that we can also
safely neglect the effect of the dressing on the atomic
cloud far away from the ion.
For the simulations, we assumed that only a single
atom was interacting with the ion at the same time,
which would require a density of ρa ≤ 1/R3w ≈ 1019 m−3.
Assuming an atomic density of ρa = 10
18 m−3 and
Ta = 2 µK, we have a flux of about 6×105 atoms/s en-
tering the sphere of R = 2 µm, such that each collision in
Fig. 3 amounts to a few µs. We estimate an upper bound
to the photon scattering rate as Γ ≤ fΓ19SρaR3w ≈ 10 Hz,
for ρa = 10
18 m−3 and with Γ19S the decay rate of the
Rydberg state and f the probability for an atom to be
found in the Rydberg state: f ∝ ~2|Ω(R)|2/(~∆0 +
CnS4 /R
4)2 ≤ 10−3. Therefore, we expect that photon
scattering will not affect the collision dynamics consider-
ably. For increasing ion temperatures, there is a proba-
bility that the atom makes it over the repulsive barrier
in a collision. To investigate this regime, we simulated
2×105 collisions between atoms with Ta = 2µK and Tion
about 100 µK and found that in 146 instances, the atoms
approached the ion to distances below Rw/2, such that
they entered the inner regime of the dressed potential.
For Tion around 10.6 µK, the number of atoms entering
the inner part of the potential dropped to zero, as de-
scribed in more detail in Appendix C. We conclude that
our scheme works best for ions and atoms that are pre-
cooled into the ultracold regime before the systems are
merged. Finally, we estimate the probability Ptunnel for
the atom to tunnel through the potential barrier to be
Ptunnel ≈ exp(−
√
2µai(A− kBTa)/~2Rw) ∼ 10−9, with
µai the atom-ion reduced mass, such that we can safely
neglect this effect.
Conclusions – We have shown that trapped ions in
Rydberg-dressed gases are stable against micromotion
assisted heating when we design the dressed atom-ion
potential to be repulsive. To engineer this repulsive in-
teraction, a scheme that employs one-photon dressing on
a dipole forbidden transition can be used. While Ryd-
berg states with negative polarizability could also be used
to engineer repulsive atom-ion interactions, these are not
always available or can be hard to spectrally resolve. In
contrast, the scheme proposed in this paper works for any
alkali atom and avoids close-by spectator states by em-
ploying Rydberg states without orbital angular momen-
tum, which generally have large energy separations from
other Rydberg states. The scheme may be employed for
a wider range of atom-ion mass ratios than is the case for
the attractive atom-ion system. The results may be of
interest when studying atom-ion interactions in the quan-
tum regime and may find applications in hybrid quantum
computation or simulation approaches [6, 27, 31] and the
study of polarons [32] in these systems.
5ACKNOWLEDGEMENTS
This work was supported by the EU via the ERC
(Starting Grant 337638) and the Netherlands Organiza-
tion for Scientific Research (NWO, Vidi Grant 680-47-
538) (R.G.). We gratefully acknowledge fruitful discus-
sions with Antonio Negretti and Alexander Gla¨tzle.
[1] A. T. Grier, M. Cetina, F. Orucˇevic´, and V. Vuletic´,
Phys. Rev. Lett. 102, 223201 (2009).
[2] C. Zipkes, S. Paltzer, C. Sias, and M. Ko¨hl, Nature 464,
388 (2010).
[3] S. Schmid, A. Ha¨rter, and J. Hecker Denschlag,
Phys. Rev. Lett. 105, 133202 (2010).
[4] C. Zipkes et al., Phys. Rev. Lett. 105, 133201 (2010).
[5] A. Ha¨rter and J. H. Denschlag, Contemporary Physics
55, 33 (2014).
[6] U. Bissbort et al., Phys. Rev. Lett. 111, 080501 (2013).
[7] A. Negretti et al., Phys. Rev. B 90, 155426 (2014).
[8] W. G. Rellergert et al., Phys. Rev. Lett. 107, 243201
(2011).
[9] L. Ratschbacher, C. Zipkes, C. Sias, and M. Ko¨hl, Nat.
Phys. 8, 649 (2012).
[10] M. Krych et al., Phys. Rev. A 83, 032723 (2011).
[11] M. Krych and Z. Idziaszek, Phys. Rev. A 91, 023430
(2015).
[12] Z. Meir et al., Phys. Rev. Lett. 117 243401 (2016).
[13] L. H. Nguyen, A. Kalev, M. Barrett, and B.-G. Englert,
Phys. Rev. A 85, 052718 (2012).
[14] M. Cetina, A. T. Grier, and V. Vuletic´, Phys. Rev. Lett.
109, 253201 (2012).
[15] K. Chen, S. T. Sullivan, and E. R. Hudson,
Phys. Rev. Lett. 112, 143009 (2014).
[16] B. Ho¨ltkemeier, P. Weckesser, H. Lo´pez-Carrera, and M.
Weidemu¨ller, Phys. Rev. Lett. 116, 233003 (2016).
[17] I. Rouse and S. Willitsch, Phys. Rev. Lett. 118, 143401
(2017).
[18] M. Saffman, T. G. Walker, and K. Mølmer,
Rev. Mod. Phys. 82, 2313 (2010).
[19] N. Henkel, R. Nath, and T. Pohl, Phys. Rev. Lett. 104,
195302 (2010).
[20] G. Pupillo et al., Phys. Rev. Lett. 104, 223002 (2010).
[21] J. Honer, H. Weimer, T. Pfau, and H. P. Bu¨chler,
Phys. Rev. Lett. 105, 160404 (2010).
[22] J. B. Balewski et al., New J. Phys. 16, 063012 (2014).
[23] C. S. Hofmann et al., Frontiers of Physics 9, 571 (2014).
[24] F. G. Major and H. G. Dehmelt, Phys. Rev. 170, 91
(1968).
[25] R. G. DeVoe, Phys. Rev. Lett. 102, 063001 (2009).
[26] C. Zipkes, L. Ratschbacher, C. Sias, and M. Ko¨hl, New
J. Phys. 13, 053020 (2011).
[27] T. Secker, R. Gerritsma, A. W. Glaetzle, and A. Negretti,
Phys. Rev. A 94, 013420 (2016).
[28] C. van Ditzhuijzen, Ph.D. thesis, Universiteit van Ams-
terdam (2009).
[29] V. A. Kostelecky and M. M. Nieto, Phys. Rev. A 32,
3243 (1985).
[30] D. J. Berkeland et al., J. App. Phys. 83, 5025 (1998).
[31] H. Doerk, Z. Idziaszek, and T. Calarco, Phys. Rev. A 81,
012708 (2010).
[32] W. Casteels, J. Tempere, and J. T. Devreese, J. Low
Temp. Phys. 162, 266 (2011).
[33] D. Leibfried, R. Blatt, C. Monroe, and D. Wineland,
Rev. Mod. Phys. 75, 281 (2003).
Appendix A: Spherically symmetric potential
We can use two dressing lasers to engineer a spherically symmetric potential, coupling on the transitions |gS〉 → |nS〉
and |gS〉 → |n′S〉. After performing the rotating wave approximation, we can write the Hamiltonian in the |gS〉, |ψ(R)〉,
|ψ′(R)〉 subspace
H3−level =
 −
C
gS
4
R4
~Ω(R) ~Ω′(R)
~Ω∗(R) −~∆0 − C
nS
4
R4
0
~Ω′∗(R) 0 −~∆′0 − C
n′S
4
R4
 . (A1)
To obtain the adiabatic potential, we diagonalise H3−level assuming ~|Ω(R)|  ~∆0+CnS4 /R4, CgS4  CnS4 and ~|Ω′(R)| 
~∆′0 + Cn
′S
4 /R
4, CgS4  Cn
′S
4 so that we can expand to second order in ~|Ω(R)| and ~|Ω′(R)| to find:
V3d(R) ≈ A(θ, φ)R
4
w
R4 +R4w
+
A′(θ, φ)R′4w
R4 +R′4w
− C
gS
4
R4
. (A2)
with A(θ, φ) = ~
2|β(θ,φ)|2
CnS4
and A′(θ, φ) = ~
2|β′(θ,φ)|2
Cn
′S
4
. The angular dependence of β is expressed as:
6β(θ, φ) =
e3E
‖
L(θ, φ)
4pi0~
∑
k
〈nS|z|kP 〉〈kP |z|gS〉
EnS − EkP (A3)
β′(θ, φ) =
e3E′‖L(θ, φ)
4pi0~
∑
k
〈n′S|z|kP 〉〈kP |z|gS〉
En′S − EkP . (A4)
Where E
‖
L(θ, φ) denotes the projection of the laser electric field onto the electric field of the ion. Now we set EL = (0, 0, EL)
such that β(θ, φ) = β0 cos θ and E
′
L = E
′
L(1, i, 0)/
√
2 such that β′(θ, φ) = β′0(i sin θ cosφ+ sin θ sinφ). In this situation,
V3d(R) ≈ |β0|
2 cos2 θR4w
CnS4 (R
4 +R4w)
+
|β′0|2 sin2 θR′4w
Cn
′S
4 (R
4 +R′4w)
− C
gS
4
R4
, (A5)
which results in a spherically symmetric potential if we set Rw = R
′
w and |β0|2/CnS4 = |β′0|2/Cn
′S
4 , which can be done by
tuning ∆0, ∆
′
0 and the laser intensities.
Appendix B: Determination of ion temperature
The explicit time dependence of the electric trapping field obstructs a straight-forward definition of some physical quantities
such as energy and temperature. Nonetheless, if the time dependence of the external field is periodic and the underlying
equations of motion are linear, we are able to apply Floquet’s theory and the problem can be decomposed into a part
which oscillates with the same period as the external field and a part, referred to as the secular part, which is time
independent [33]. Often useful physical quantities can be constructed from the secular problem and its solution, e.g. in
systems of multiple ions energy and temperature can be defined via the secular solutions of the linearized problem. For the
combined system of atoms and ions we do not have a closed form for the solution at hand, but in the considered case of
low densities the system will evolve as the uncoupled one for time periods in which all atoms are spatially well separated
from the ion. During those time periods the interaction forces can be neglected and a measurement of the secular energy of
the isolated ion system is possible. The ion’s secular energy E can be determined via its secular frequencies ωi, i = x, y, z,
and the amplitude of the orbit’s secular component. For a single ion in an oscillating electric field EPT(r, t), as defined in
Eq. 7 of the main text, with appropriately chosen trap parameters the equations of motion can be solved analytically and
the solutions take the following approximate form
x(t) ≈ (Cx cos(ωxt) + Sx sin(ωxt))
(
1 +
q
2
cos(Ωrft)
)
− ωxq
Ωrf
(Sx cos(ωxt)− Cx sin(ωxt)) sin(Ωrft), (B1)
y(t) ≈ (Cy cos(ωyt) + Sy sin(ωyt))
(
1− q
2
cos(Ωrft)
)
+
ωyq
Ωrf
(Sy cos(ωyt)− Cy sin(ωyt)) sin(Ωrft), (B2)
z(t) = (Cz cos(ωzt) + Sz sin(ωzt)) . (B3)
Here we neglected correction terms which oscillate faster than the trap drive frequency Ωrf. Given the ion’s position at
two instances of time the above system of linear equations can be inverted to obtain the coefficients Ci and Si of the
secular solution’s cosine and sine part. As a preliminary step the secular frequencies can be determined numerically by
fitting the above analytic approximation to a numerically obtained solution. This increases accuracy as compared to the
approximate analytical expression for the ωi we gave in the main text. Given all this we can now calculate the secular
energy E = ∑i=x,y,zmiω2i (C2i + S2i )/2 of the isolated ion system.
In the case of the repulsive potential, which we analyzed in the main text, the strong similarity of the thermaliztion process
for the full and the secular problem indicates that the ion’s secular temperature for this type of potentials is indeed a
meaningful physical observable, in contrast to the attractive case.
Appendix C: Over barrier collisions
In our simulations of the classical collision dynamics there is a non-vanishing probability for the atoms to overcome the
repulsive barrier. Since the ion is strongly localized, we estimate this to occur when the amplitude of ion oscillation exceeds
Rw, or Tion ' miω¯2R2w/(2kB) ≈ 70 µK for the parameters used in this work, with ω¯ the average trap frequency. To estimate
if those events pose a problem we performed collision simulations where we kept record of the minimal separation dmin
between atom and ion. More precisely we simulated the interaction of an ion with a bath of Ta =2 µK atoms for 200
collisions. The result of 1000 such simulations for ion temperatures Tion around 10.6 µK and 100 µK are shown in Fig. 4
and 5. For Tion ≈100 µK we found that in 146 instances out 2 × 105 times, the atoms approached the ion to distances
below Rw/2, such that they entered the inner regime of the dressed potential. For Tion ≈10.6 µK, the number of atoms
entering the inner part of the dressed potential dropped to zero.
7Appendix D: Diagonalization of the Rydberg-ion interaction Hamiltonian
In this section we discuss how we calculated the adiabatic atom-ion potential from a direct-diagonalisational approach. The
atom-ion potential can within the adiabatic approximation be obtained from the internal level structure of the atom for
different but fixed atom ion separations R. Each of those R-dependent energy levels can be viewed as the effective potential
between atom and ion, under the assumption, that the internal state follows the corresponding eigenstate adiabatically [27].
We focus on the potential or channel, which correspond to the atom’s ground state at infinite separation. The relevant
shifts of the ground state will with the parameters we choose and for separations larger than ∼ 0.2 µm result from the
off-resonant coupling to the Rydberg manifold, as can be seen from the simpler perturbational approach discussed in the
main text. Therefore, we neglect the effect of the ion’s electric field on the ground state level for now keeping in mind that
the resulting potential will be a good approximation just in the range considered above. For the Rydberg manifold on the
other hand the presence of the ion leads to relevant corrections, since it introduces strong couplings between the Rydberg
states due to the large polarizability α ∝ n7 of the Rydberg states, with n the principal quantum number. Therefore, we
model the Hamiltonian representing the atom’s internal structure by a single ground state |gS〉 with energy EgS , which
we assume to be unaffected by the ion’s electric field, coupled by the dressing laser field to a set of Rydberg states, which
are affected by the ion field. With those considerations the Hamiltonian representing the atom’s internal structure in the
presence of ion and dressing laser reads
Hˆ =HˆgS + HˆRyd + Hˆia + HˆL, (D1)
where HˆgS describes the unperturbed atomic ground state |gS〉 and is given by:
HˆgS =EgS |gS〉〈gS|. (D2)
HˆRyd represents a set of unperturbed atomic Rydberg states in diagonal form, which in quantum defect theory [28] can be
represented by a single Rydberg electron and a singly charged atomic core, which represents the inner electrons and the
nucleus:
HˆRyd =
∑
k
E(k)|k〉〈k|, (D3)
where k represents the tuple of quantum numbers (n, l, j,mj) ranging over the common hydrogen fine structure states
and E(k) is the corresponding Rydberg energy level with eigenstate |k〉 in the relative Rydberg electron-core variable. We
obtained those eigenenergies and states in coordinate representation employing the Numerov method and quantum defects
found in literature [28].
Hˆia comprises the interaction terms between Rydberg atom and ion in the quantum defect theory approach. It consists
of two Coulomb interaction terms VC , a repulsive one between ion and atomic core and an attractive one between ion
and Rydberg electron. In addition, we included a spin-orbit like coupling term V e−iSO representing the coupling of the ion’s
electric field to the spin of the Rydberg electron [27].
Hˆia =VC(rc − ri)− VC(re − ri) + V e−iSO
=− e
2
4pi0|R+ mcM r|
+
e2
4pi0|R− meM r|
− 1
2m2ec2
Sˆ ·
((
e2(R+ mc
M
r)
4pi0|R+ mcM r|3
)
× p
)
≈ e
2
4pi0|R|3
(
−r ·R+ mc −me
2M
r2
)
− 3e
2(mc −me)
8pi0M |R|5 (r ·R)
2 − i e
2µ
4pi0~m2ec2
1
|R|3 Sˆ · (R× [HˆRyd, r]).
(D4)
Here ri, rc and re are the ion, core and Rydberg electron position operators in the laboratory frame respectively, r and p
are the relative position and relative momentum operator between core and Rydberg electron, Sˆ is the spin-1/2 operator of
the electron, e denotes the elementary charge, me and mc denote the electron and core mass respectively, M and µ are the
total and reduced mass of the atom respectively and 0 is the vacuum permittivity. The approximation has been obtained
by taylor expanding the terms and substituting the momentum operator in the last term with p ≈ i2µ~ [HˆRyd, r] [27]. The
approximation includes terms up to quadrupole order in the Coulombic terms taking account for the non-linearity of the
potential over the spatial extent of the Rydberg wavefunctions considered.
The term HˆL of Eq. D1 describes the dressing laser field in dipole approximation, which couples the Rydberg states
off-resonantly to the ground state |gS〉.
HˆL =
∑
k
eiωLtΩ(k,gS)|gS〉〈k|+ h.c. (D5)
where Ω(k,gS) denotes the Rabi frequency of the transition |k〉 to |gS〉 and the sum runs over all Rydberg states (k) =
(n, P, j,mj) for which the transition is dipole allowed.
8We proceed in changing to a rotating frame of the ground state with respect to the dressing laser frequency and perform
a rotating wave approximation. This affects only HˆgS and HˆL, which transform to
Hˆ
′
gS =(EgS + hωL)|gS〉〈gS|
Hˆ
′
L =
∑
k
Ω(k,gS)|gS〉〈k|+ h.c. (D6)
To determine the coupling strengths Ω((n,P,j,mj),gS) we computed the transition matrixelements with an approximate
solution for the ground state wavefunction, which we obtained as in the Rydberg case. We restrict to the case of linear
polarization along the direction of the ion electric field and fix the couplings such that they are consistent with the
case that neglects the fine structure in the main text, namely Ω(19P,gS) = 2pi× 200 MHz. To this end, we rescaled
the couplings such that Ω((19,P,3/2),gS) = Ω(19P,gS)AFS/A with A = 〈P,ml = 0| cos(θ)|S,ml = 0〉 and AFS = 〈P, j =
3/2| cos(θ)|S, j = 1/2〉 the angular component of the dipole operator coupling states without fine structure and with fine
structure states respectively. The couplings obtained in this way were found to be in agreement with the scaling law
Ω((n,P,j),gS) ∝ n∗(n, P, j)−3/2 with n∗(n, l, j) = n− δnlj and δnlj the quantum defects. Diagonalisation for n = 10..30 and
ωL = (E(19,S,1/2) − EgS)/h+ ∆ results in the potential shown in Fig. 2 of the main text.
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FIG. 4. Ion temperature Tion vs. minimal atom-ion separation dmin for 2 × 105 collision simulations of Rb and Yb+ as described
in the main text with Tion around 10.6 µK. The dashed line indicates Rw/2, where the atoms find themselves within the inner
part of the dressed potential.
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FIG. 5. Ion temperature Tion vs. minimal atom-ion separation dmin for 2 × 105 collision simulations of Rb and Yb+ as described
in the main text with (a) Tion around 100 µK. The dashed line indicates Rw/2, where the atoms find themselves within the
inner part of the dressed potential.
